Desert dust storms contribute episodically to the global aerosol load (1, 2) and influence the radiative balance, ice nuclei and cloud condensation nuclei prevalence in the atmosphere (3, 4), and also atmospheric deposition of nutrients and toxicants (5, 6) . Dust particles at their original source regions consist principally of insoluble particles and therefore serve as one of the most effective ice nuclei that initiate ice-crystal formation under cirrus conditions (7, 8) . However, if dust particles are coated with soluble materials (i.e., antifreeze agents), then this process is expected to reduce their original ice-nucleating ability (9, 10), as well as enhance their liquid cloud-nucleating ability (11-15) and modify their light scattering and absorption ability (14-16).
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Desert dust storms contribute episodically to the global aerosol load (1, 2) and influence the radiative balance, ice nuclei and cloud condensation nuclei prevalence in the atmosphere (3, 4) , and also atmospheric deposition of nutrients and toxicants (5, 6) . Dust particles at their original source regions consist principally of insoluble particles and therefore serve as one of the most effective ice nuclei that initiate ice-crystal formation under cirrus conditions (7, 8) . However, if dust particles are coated with soluble materials (i.e., antifreeze agents), then this process is expected to reduce their original ice-nucleating ability (9, 10) , as well as enhance their liquid cloud-nucleating ability (11) (12) (13) (14) (15) and modify their light scattering and absorption ability (14) (15) (16) .
It has also been suggested that dust particles that contain certain soluble materials (e.g., iron, nitrate and phosphate) have the potential to stimulate phytoplankton growth in the open ocean (5) , while some of them (e.g., copper) may cause a toxic effect (6) .
There are two major pathways for the formation of soluble materials on the surfaces of dust particles: coagulation of dust and ambient soluble particles, and heterogeneous reactions of dust particles with ambient reactive gases. Thermodynamic studies suggest that alkaline CaCO 3 can react with gaseous HNO 3 and HCl to form Ca(NO 3 ) 2 and CaCl 2 (17) . Both Ca(NO 3 ) 2 and CaCl 2 are highly soluble materials and much more hygroscopic than other insoluble or slightly soluble calcium salts such as CaCO 3 , CaSO 4 and CaC 2 O 4 (18) . In the bulk, the anhydrous Ca(NO 3 ) 2 and CaCl 2 are transformed into the crystalline hydrates at relative humidity (RH) higher than 9%RH and 0.6%RH, and then deliquesce above 50%RH and 28%RH, respectively (17) . In addition, it becomes clear that micrometer-sized Ca(NO 3 ) 2 particles can deliquesce above ~10%RH without the formation of the hydrates (19, 20) . Thus, the deliquescent relative humidities of Ca(NO 3 ) 2 and CaCl 2 are much lower than those of well-known soluble materials such as NaCl (~75%RH) and (NH 4 ) 2 SO 4 (~80%RH), and both Ca(NO 3 ) 2 and CaCl 2 are likely in the form of aqueous liquid under most conditions of the atmospheric boundary layer.
There are many unanswered questions concerning heterogeneous reactions to form aqueous droplets of Ca(NO 3 ) 2 and/or CaCl 2 from Ca-rich dust particles under atmospheric conditions. 4 Ca-rich dust particles that have a droplet-like (or spherical) shape have been detected at several sites of the northern hemisphere (21) (22) (23) (24) (25) (26) . Much of the focus on the formation of such particles so far has centered on the reaction of CaCO 3 -containing dust particles with HNO 3 to form Ca(NO 3 ) 2 occurring in the vicinity of large anthropogenic emission sources (21) (22) (23) (24) (25) . On the other hand, field evidence for the contribution of CaCl 2 has been lacking (24, 26) . Furthermore, it remains controversial whether the reactions affecting the formation of Ca(NO 3 ) 2 and CaCl 2 can actually proceed under atmospheric conditions, largely owing to a lacking of information on the amount of atmospheric acidic gases. In this report, we examine whether these two deliquescent calcium salts could be formed through heterogeneous pathways under atmospheric conditions at several sites in East Asia. Our results raise the possibility that CaCl 2 could be generated from Ca-rich dust particles by heterogeneous reactions under remote marine atmospheric conditions in the absence of strong anthropogenic emission sources.
Results

Morphology and Chemical Modification of Dust Particles. Asian dust particles mainly
originate from dust storms associated with cold air outbreaks in inland arid or semi-arid areas (27) . It is well known that some of them contain carbonates, which are most likely CaCO 3 (19, 20) . According to recent chemical transport modeling studies (28) , the enhanced formation of Ca(NO 3 ) 2 from solid CaCO 3 -containing dust particles is likely to take place in the atmosphere over the eastern (urban and industrialized) areas of the Asian continent (see red contour lines in Fig. 1A ). In fact, Ca-rich dust particles that have a droplet-like shape and contain rich nitrate (most likely, Ca(NO 3 ) 2 ) have been detected previously in the polluted boundary layer of these areas, such as Beijing, China (22) (23) (24) , and Chuncheon, Korea (25) . The location of these sites is shown in Fig. 1A . Although these field studies conclude that the results are attributed to the formation of Ca(NO 3 ) 2 , only Li and Shao (24) carefully evaluate the content of chloride in dust particles collected at Beijing. For this reason, whether such dust particles contain chloride (i.e., CaCl 2 ) or not remains a question.
Using scanning electron microscopy (SEM) with energy dispersive X-ray (EDX) analysis, (Fig. 1B) . In these cases, Ca-free (mostly, Si-and Al-rich) particles had an irregular shape, while most of Ca-rich particles had a droplet-like shape. It is evident that these particles contained almost no chloride, corresponding to the results reported previously by Li and Shao (24) . Similarly, literature data at Chuncheon (25) included Ca-rich particles that contained rich nitrate but little or no chloride. An example of the EDX analysis of the particles collected at Chuncheon is also plotted in Fig 1B. Overall, these results demonstrate that, in the eastern areas of the Asian continent, the common example of soluble materials detected in Ca-rich dust particles is certainly not CaCl 2 but rather Ca(NO 3 ) 2 .
On the other hand, we recently reported on the existence of Ca-rich dust particles, which were very similar to the ones coated with nitrate in appearance but contained rich chloride, in the atmospheric boundary layer of Kanazawa during Asian dust storm events (26) Chuncheon (25) ; however, the EDX analysis showed a strong correlation between Ca and Cl contents (Cl/Ca ≈ 0.315). We postulated that this correlation was attributed to partial formation of CaCl 2 in dust particles (26) . Since Ca-rich particles presented here contained less Na and Mg (see Materials and Methods), the possibility of coagulation of dust and sea salt (i.e., NaCl or MgCl 2 ) particles should be ruled out. Also, considering the preferential detection of chloride in Ca-containing dust particles (Fig. 1C) , it is highly unlikely that other non-sea salt particles (e.g., NH 4 Cl) were mixed with dust particles and had a significant impact on the present results.
The SEM images of dust particles that contain rich Ca, Cl, Si and Al are illustrated in Fig. 2A (this sample was collected at Kanazawa during an Asian dust storm period on May 21, 2010).
The SEM image taken at lower electron voltage (5 kV) showed that the entire picture of the particles looked like nearly droplet-like shape. Meanwhile, the SEM image taken at higher 6 electron voltage (20 kV) indicated the existence of electronically opaque core that had an irregular shape in the particles. Si and Al were detected only in the core part (most likely, aluminosilicates), but Ca and Cl were detected anywhere in the particle surfaces, suggesting that the particles were coated with soluble materials containing CaCl 2 (see Fig. 2 B and C) .
Atmospheric Gaseous HNO 3 and HCl. The results presented raise the question of whether the mechanisms responsible for the formation of Ca-rich dust particles that have a droplet-like shape could differ from area to area in East Asia. In this section, we examine the amount of highly reactive acidic gases (i.e., HNO 3 and HCl) that have the potential to induce the formation reactions of Ca(NO 3 ) 2 and CaCl 2 .
In Fig. 1D , we show gaseous HNO 3 and HCl concentrations measured at several sites in East Asia from March to May, corresponding to the period when Asian dust storm events are most frequently observed. The location of the monitoring sites is shown in Fig. 1A . Given that there were no severe volcano eruptions in spring 2007, we believe that HNO 3 and HCl concentrations presented here are a representative example of the background values in East Asia. We divided the data into three groups: Kanghwa and Imsil, which are surrounded by urban and industrial cities (Site I); Primorskaya, which is located on the Asian continent side apart from large pollution sources (Site II); and Oki, Sado-seki and Tappi, which are located east of the Sea of Japan and are far from large pollution sources (Site III). As can be seen in Fig. 1D , the highest HNO 3 concentrations were observed at Site I and the highest HCl concentrations at Site III. Both HNO 3 and HCl concentrations at Site II were relatively low.
The main source of gaseous HNO 3 is the oxidation of NO x , which is largely attributed to anthropogenic emissions from combustion of fossil fuels and production and use of fertilizers (29); hence, the highest HNO 3 concentrations at Site I would be attributable to anthropogenic emissions from the urban and industrialized area of the Asian continent.
On the other hand, the main source of gaseous HCl is volatilization from sea salt particles (e.g., heterogeneous reactions of sea salt with HNO 3 and H 2 SO 4 ), followed by combustion of fossil fuels and occasional volcanic eruptions (30) . Therefore, the highest HCl concentrations at Site III would probably be induced by emissions of HCl from chemically-aged (i.e., acidified) sea salt particles suspending in the marine boundary layer over the Sea of Japan. In Fig. 3, we show an example of sea salt particles collected in an Asian dust storm that contained Ca-and Cl-rich dust particles (this sample was collected at Kanazawa on May 21, 2010). As shown here, most of the sea salt particles became depleted of Cl, suggesting the release of HCl into the atmosphere. Unfortunately, the EDX analysis used here cannot determine whether Cl-depleted sea salt particles contained N or not (see Materials and Methods). However, given that these sea salt particles contained less S, we speculate that the Cl depletion would be caused by the uptake of HNO 3 In this regime, the preferred direction of reaction 2 depends mainly on ambient RH.
Discussion
The application of the equilibrium thermodynamic predictions promises to provide new insight into the conversion of Ca-rich dust particles into aqueous droplets in the atmospheric boundary layer. We suggest that the high HCl concentrations and the lowering of the HNO 3 /HCl ratios at Site III (Fig. 1D On the other hand, a number of previous studies have focused mostly on the conversion of solid CaCO 3 into aqueous Ca(NO 3 ) 2 solutions through reaction 1 (14, 15, (19) (20) (21) (22) (23) (24) (25) (33) (34) (35) (36) (37) , and field evidence for the existence of Ca-rich dust particles coated with highly soluble nitrate have supported the importance of this reaction in the vicinity of the urban and industrialized areas of the Asian continent (22) (23) (24) (25) . It is expected that the HNO 3 and HCl concentrations in the atmospheric boundary layer of Chuncheon are similar to those of Site I (Fig. 1D) . Unfortunately, the HNO 3 and HCl concentrations in the urban boundary layer of eastern China (e.g., Beijing) remain to be reported, but the HNO 3 /HCl ratios are presumably equal to or more than those of Site I. Hence, the absence of chloride in Ca-rich dust particles that have a droplet-like shape as measured at Beijing and Chuncheon (see Fig. 1B Although nitrate and chloride can coexist preferentially in the same Ca-rich dust particles under certain atmospheric conditions, the modification of the particles by stronger acids may prevent the formation of nitrate and/or chloride (26, 31, 32 ). An example is the reaction of them with SO 2 to form sulfate-containing dust particles (e.g., gypsum), which are less hygroscopic and remain their crystalline morphology below ~100%RH (38) . However, this reaction can proceed efficiently only under extremely humid conditions (>90%RH), which are relatively rare conditions except in the case of cloud processing (37) . Therefore, we believe that the uptake of and their relationship with other competing reactions under various conditions. Nevertheless, the current study is an important step toward establishing an understanding of the formation of aqueous solution droplets in dust storms without severe air pollution effects, as well as studying their impacts on both unidentified aerosol-cloud-climate feedback systems and ecosystems.
Materials and Methods
The size, morphology and elemental composition of individual particles found in the samples collected at Beijing (22, 23) and Kanazawa (26) during Asian dust storm periods were examined manually using SEM/EDX analysis. The relative composition of elements (atomic percent) with atomic number (Z) ≥ 11 in each particle was calculated using ZAF matrix correction (for this reason, the relative composition of low-Z elements such as C, N and O was not determined). On the basis of the patterns in the relative compositions, the analyzed particles were classified into several types and then only sea salt-free dust particles meeting the criterion of "Al + Si + Fe > 0", "Na ≈ 0" and "Mg < Si" (26) were examined. In this study, we applied this criterion not only to the samples collected at Beijing and Kanazawa, but also to those at Chuncheon reported by Hwang and Ro (25) . 
